[1] Crust and mantle discontinuities across the eastern margin of the North American craton were imaged using P to S converted phase receiver functions recorded by the Missouri to Massachusetts Broadband Seismometer Experiment. Crustal structure constrained by modeling Moho conversions and reverberations shows a variation of Moho depth from a minimum of 30 km near the Atlantic coast to depths of 44-49 km beneath the western Appalachian Province and 38-45 km beneath the Proterozoic terranes in the west. The variation in crustal thickness is substantially greater than that required for local isostasy, unless lower crustal densities are >3110 kg/m 3 . In the upper mantle, Ps phases corresponding to a discontinuity at depths of 270-280 km were clearly observed beneath the eastern half of the array. Beneath the western third of the array, the receiver function stacks indicate more complex scattering, but weak Ps phases may be generated at depths of roughly 320 km. The transition between these two regions occurs across the eastern edge of the North American lithospheric keel imaged by tomography. The observed phases may be interpreted as conversions from the base of a low-velocity asthenosphere.
Introduction
[2] The goal of this paper is to image the Moho and upper mantle across the eastern edge of the North American craton using Ps conversions from seismograms recorded at the Missouri to Massachusetts Broadband Seismometer Experiment (MOMA) array. MOMA was a 1995 -1996 Incorporated Research Institutions for Seismology Program for the Array Seismic Studies of the Continental Lithosphere (IRIS PASSCAL) deployment of 18 portable broadband seismometers between two permanent IRIS Global Seismic Network (GSN) stations at Cathedral Caves, Missouri (CCM), and Harvard, Massachusetts (HRV) [Fischer et al., 1996] (Figure 1 ). Seismic tomography studies in North America [Grand, 1994; Grand et al., 1997; van der Lee and Nolet, 1997] show that fast velocities extend to depths of more than 200 km beneath the western stations of the MOMA array, indicating a thick lithospheric ''keel'' (Figure 1 ). Beneath the easternmost stations in New England, the high-velocity lithosphere appears to be much thinner (100 km or less). The transition in lithospheric thickness correlates with the boundary between the Proterozoic cratonic crust in the west and the Paleozoic Appalachian orogenic belt in the east. The last significant episodes of tectonic activity in this region are the Triassic and Jurassic rifting associated with the opening of the Atlantic Ocean [Klitgord et al., 1989; and the magmatic activity associated with the Monteregian hot spot at $120 Ma [Sleep, 1990] .
[3] This study focuses on constraining the crust and upper mantle discontinuities, whereas previous work with data from the MOMA array concentrated on discontinuities in the transition zone [Li et al., 1998 ]. We model crustal structure across the MOMA array by matching observed and synthetic P to S conversions and reverberations from the Moho. Refraction studies have, in general, revealed a deeper Moho beneath the Appalachian Mountains [e.g., Braile, 1989; Braile et al., 1989] , and in the southern Appalachians the thickness of the crustal root appears to be greater than is required for local isostatic compensation of the heavily eroded topography [James et al., 1968; McNutt, 1980] . Data from the MOMA array allow us to systematically investigate crustal thickness and isostasy in the northern Appalachians. The MOMA array also provides new constraints on Moho topography into the Proterozoic craton, a region where very few refraction studies exist. Also of particular interest are discontinuities at depths between 200 and 400 km, as they may reveal how lithospheric and asthenospheric structure varies across the edge of the keel. In addition, the phases from these depths are typically less contaminated by crustal reverberations than are earlier mantle arrivals. Discontinuities in this depth range have been observed in a number of continental regions [e.g., Revenaugh and Jordan, 1991; Revenaugh and Sipkin, 1994; Dueker and Sheehan, 1997; Yuan et al., 1997; Bostock, 1997; Owens et al., 2000; Sheehan et al., 2000] . Here we explore their existence beneath eastern North America.
The Transition Zone Beneath the MOMA Array
[4] Previous work on transition zone discontinuities using data from the MOMA array provides context for the crust and mid-upper mantle discontinuity images in this study. Li et al. [1998] found that the 410-km discontinuity (hereinafter referred to as the 410) is relatively flat to both the north and south of the array and that the transition zone thickness is nearly uniform to the north, where the Ps conversion points extend the farthest into the mantle below the fast velocity keel. Considering the effects of temperature alone, this minimal topography on the 410, combined with estimates of uncertainties in discontinuity depth, indicates that thermal variations of more than 100°C -150°C do not impinge on the 410. The depth of the 410 is increased by higher olivine Mg content [Bina and Wood, 1987; Katsura and Ito, 1989; Akaogi et al., 1989] , and if the keel, which is thought to have a higher Mg number than the surrounding mantle, reaches the phase transition, this effect could mask an additional thermal variation of at most 65°C, assuming an average Mg number of 92.3 for the North American keel [Schmidberger and Francis, 1999] and an ''oceanic'' Mg number of 90.8 [Boyd, 1989] . However, tomographic images [van der Lee and Nolet, 1997] suggest that the keel does not extend to depths of more than 250 -300 km beneath the MOMA array. Therefore cold mantle downwelling related to the keel is largely confined in the upper mantle, at least at this point in time. Whereas Li et al. [1998] determined that the 660-km discontinuity (hereinafter referred to as the 660) is relatively flat to the north of the MOMA stations, a roughly 20 km depression of the 660 occurs to the south of the western stations. This depression is correlated with a localized fast velocity anomaly at depths of 525 -800 km [Grand et al., 1997] , which broadens into the fast slab-like anomaly interpreted as the subducted Farallon plate [Grand, 1994; Grand et al., 1997] at greater depths. The 660 depression may therefore reflect locally cold temperatures within the Farallon plate.
Data and Method

Receiver Functions
[5] The data used in this study are Ps conversions recorded by the MOMA stations from events that occurred between February 1995 and March 1996 with magnitudes larger than 5.8 and distances from 40°to 90°. For the two permanent IRIS GSN stations, HRV and CCM, we analyzed events that occurred over 5 years from 1991 to 1995. Most MOMA Figure 1 . P to S conversion points at depths of 40 and 300 km along the MOMA array. The stations of the MOMA array (large solid circles) consisted of 18 broadband seismometers deployed from Missouri to Massachusetts between two permanent IRIS GSN stations CCM and HRV (large solid triangles). Ps conversion points are plotted as small open triangles and circles for conversion depths of 40 and 300 km, respectively. Station names are shown in each bin where the corresponding station is located. Only the number for each MOMA station is plotted. The full name of a MOMA station is ''MM'' followed by the number. Bin numbers with rectangular frames are given at the southern end of each bin. The shaded background is the S wave velocity anomaly at the depth of 175 -250 km from seismic tomography by Grand et al. [1997] . The eastern margin of the continental keel is marked by the west to east decrease in velocity anomaly and is well sampled by P to S conversions. stations recorded good waveforms from 8 to 16 sources except MM15, for which only 4 useful events exist. The distribution of back azimuths is dominated by two groups, 150°-180°( southeast Pacific and South American events) and 320°-340°( north and northwest Pacific events). A small number of useful events lie at back azimuths of 40°-60°for each station. This distribution is shown in Figure 1 by the locations of P to S conversion points. Three-component seismograms for each event were windowed at $10 s before and 120 s after the P arrival and filtered with frequency bands from 0.03 to 1 Hz and from 0.05 to 1 Hz. To obtain receiver functions, we deconvolved the vertical component seismogram from the radial component [Langston, 1979; Owens and Crosson, 1988; Ammon, 1991] . The deconvolution was multiplied by the transform of a Gaussian, whose width is controlled by a parameter, to limit the final frequency band [Langston, 1979] . We set a value of 1 for the controlling parameter of the Gaussian to exclude high-frequency signals. The deconvolution suppresses waveform variations from the earthquake source and nondiscontinuity path effects and enhances the amplitude of P to S conversions and reverberations generated beneath the station.
P to S Conversion Point Binning
[6] P to S conversions and reverberations from the Moho are typically visible on individual receiver functions because of the large contrast in velocity between the crust and mantle, whereas conversions from mantle discontinuities are harder to observe. To increase the Ps signal-to-noise ratio and to extract information about both crust and mantle discontinuities, we stacked individual receiver functions as a function of P to S conversion point locations after corrections for phase move out in the AK135 radial velocity model [Kennett et al., 1995] . Mantle phases were also corrected for velocity heterogeneity in the crust and mantle. Figure 1 shows the distribution of P to S conversion points at depths of 40 and 300 km calculated by ray tracing through the AK135 velocity model. The conversion points from deeper discontinuities sample larger areas in which conversion points may correspond to different stations. Therefore, to extract lateral variations in mantle discontinuity structure, we stacked receiver functions whose conversion points on a given conversion surface fall into the same geographic bin, the common midpoint stack technique applied to Ps conversions from broadband arrays by Sheehan [1997, 1998] . In this study, we divided the MOMA array into 19 bins of equal width with each bin overlapping its neighbors by 50%. One disadvantage of this approach is the assumption that conversions are generated at planar discontinuities. If significant scattering from discontinuity topography or other two-and three-dimensional structure exists, it may create bias in apparent discontinuity amplitudes and timing and perhaps result in spurious phases. In some cases, such artifacts may be avoided by using migration methods that account for threedimensional scattering [Shearer et al., 1999; Sheehan et al., 2000] . However, given that the MOMA array was roughly linear and had a station spacing of $90 km, the advantages of true migration over the simpler stacking method used here are unclear. In any case, we treat as significant only those stacked Ps phases whose move out is consistent with conversions from a planar surface and which are fairly continuous across several neighboring bins.
4. Crustal Structure Beneath the MOMA Array 4.1. Observations
[7] P to S conversions at the Moho show strong amplitudes due to the Moho's large velocity contrast and are clearly visible even on individual receiver functions. Assuming a conversion depth of 40 km, Moho conversion points for events recorded at one station sample a relatively small area around the station (Figure 1) . In order to obtain information about average crustal structure, we stacked radial receiver functions together by station. Figure 2a shows the crustal receiver function stacks over a time window at 0 -22 s for all stations of the array. The phases at 0 s with large amplitudes are direct P wave arrivals. Certain P phases manifest apparent offsets from zero time due to the effects of thick sedimentary layers. Such lags are observed at MM06 to MM08 and MM15 to MM17 that are located in the Appalachian basin and Illinois basin, respectively. For most stations, P m s phases arrive at roughly 5 s and the Moho reverberations PpPs range from 15 to 20 s. P m s phases and Moho reverberations are similar for certain groups of adjacent stations, for instance, MM02 -MM03, MM04 -MM09, MM12 -MM13, and MM15 -CCM, but clear differences exist across the array. The receiver function at HRV displays a significantly earlier P m s phase and Moho reverberation than those at other stations, suggesting a much shallower Moho. The phases at roughly 7 s on the stacks for MM11 and MM15 seem too late for Moho conversions, and they may include interference between P m s and reverberations from discontinuities in the shallow crust. The Moho reverberations at MM11 and MM15, which would be less affected by shallow discontinuities than the P m s phases, are similar to reverberations at adjacent stations.
Modeling Moho Conversion and Reverberation Phases
[8] To obtain the crustal velocity structure beneath each station, we forward modeled P m s and Moho reverberations using synthetic receiver functions. Simple one-dimensional velocity models were constructed including one or two layers of sedimentary rocks and one crustal basement layer. The total sedimentary rock thickness beneath each station was obtained from published maps [Flawn et [Flawn et al., 1967; Shumaker and Wilson, 1996; Hinze, 1996] ; their relative thicknesses and total crustal thickness were determined by modeling P m s phases and Moho reverberations beneath each station. Three crustal basement velocity combinations were used for the western stations, and two were used for the eastern stations. Triangles indicate a V p equal to 6.6 km/s and a V p /V s ratio of 1.84, squares indicate a V p equal to 6.6 km/s and a V p /V s ratio of 1.8, and diamonds indicate a V p equal to 6.5 km/s and a V p /V s ratio of 1.73. The heavy line indicates the models that provide the best fit to regional groupings of stations. al., 1967; Shumaker and Wilson, 1996; Hinze, 1996] and varied from 0.6 to 6.0 km ( Figure 3 ). P wave velocity was assumed to be 4.5 km/s in the top sedimentary rock layer and 5.3 km/s in the bottom layer. These velocities are based on the range of P wave velocities in consolidated sediments (4.0 -5.3 km/s) quoted by Mooney et al. [1998] and are broadly consistent with values from individual profiles summarized by Braile et al. [1989] . A V p /V s ratio of 1.73 was assumed in the sedimentary layers, and their relative thicknesses were determined by matching the shapes of observed P and P m s phases. Ranges of plausible values for V p and V p /V s in the crustal basement layers were determined from extensive compilations of individual refraction profiles [Hutchinson et al., 1983; Braile, 1989; Braile et al., 1989; Mooney and Braile, 1989; Musacchio et al., 1997] . The refraction data indicate that V p and V p /V s values are on average higher in the Proterozoic crust of the Grenville Province and the Central Plains than in Appalachian crust. However, because only very limited segments of the crust beneath the MOMA array are directly sampled by refraction profiles and because individual refraction profiles manifest considerable variation even within given tectonic terranes, we did not assume different crustal velocities for different segments of the array. Rather, we modeled all observed crustal receiver functions with three V p and V p /V s combinations in the crustal basement layer: V p = 6.5 km/s and V p /V s = 1.73, V p = 6.6 km/s and V p /V s = 1.80, and V p = 6.6 km/s and V p /V s = 1.84.
[9] For each station and for each basement, V p , and V p /V s combination, the relative thickness of the two sedimentary layers, and the total crustal thickness were systematically varied until the synthetic receiver functions best matched the shapes and timing of P, P m s, and the first Moho reverberation. The best fitting depths to these crustal interfaces are shown in Figure 3 . In general, the basement V p of 6.5 km/s and V p /V s ratio of 1.73 provided a much better fit to the receiver functions from the eastern half of the array (HRV to MM09), while a V p of 6.6 km/s and a V p /V s ratio of 1.80 more closely matched the western stations (MM10 to CCM). Basement layer thickness is most sensitive to basement V p /V s values, and the range of Moho depths obtained with the different V p /V s values is a good representation of the uncertainty in Moho depth at a given station. Because a V p of 6.6 km/s and a V p /V s ratio of 1.84 did not yield acceptable fits to the HRV -MM09 receiver functions, crustal thicknesses for these basement velocities are shown only for MM10 -CCM. Synthetic receiver functions from the velocity models with best fitting regional V p and V p /V s values are displayed in Figure 2b . At most stations, the arrivals of the synthetic P m s phases and the Moho reverberations match the timing of the observed phases (Figure 2a) well, although in a few isolated cases, another V p /V s value would provide a better fit (for instance a V p /V s of 1.80 at MM04). For two stations, MM11 and MM15, none of the basement velocity combinations provided a good fit to both the P m s phase and the Moho reverberation, although models with the highest V p /V s ratio (1.84) came the closest. The Moho reverberations at these two stations arrive at times comparable to adjacent stations, while the apparent P m s phases are significantly delayed, which may indicate complex velocity structures in the shallow crust. We therefore did not rely on independent synthetic receiver functions for these two stations and instead used the MM12 crustal model for MM11 and the MM16 crustal model for MM15, when calculating move out corrections for deeper discontinuities. Although the amplitude of the synthetic Ps phases provides a reasonable fit to the observations, the synthetic reverberation amplitudes are, in general, too large. However, this is a common outcome of modeling observed receiver functions with planar models, which simplify real crustal structure, as reverberation amplitudes are particularly sensitive to deviations from planar structure.
[10] We summarize possible crustal models in Figure 3 . For the best fitting regional basement velocities the thickness of crust has an average value of 43.0 ± 4.5 km and varies from 30 km near the Atlantic margin (HRV) to a maximum of 49 km near the boundary between the Appalachian and Grenville Provinces (MM08 and MM09). The crust beneath MM04 -MM09 has an average thickness of 47.2 ± 1.8 km and is substantially thicker than the crust beneath MM10 -CCM (average thickness of 41.6 ± 2.4 km) or beneath MM03-HRV (average thickness of 39.2 ± 6.4 km). The observed timing of the P m s phases and Moho reverberations clearly differentiates these groups of stations, particularly the variation in crustal thickness between MM04 -MM09 and MM10 -CCM.
Crustal Structure, Orogeny, and Isostasy
[11] Numerous refraction surveys have documented similar crustal thickening from 30 -35 km near the Atlantic Coast to >40 km in the continental interior [Costain et al., 1989; Mooney and Braile, 1989; Braile, 1989; Braile et al., 1989] . However, while the crustal thickness variations obtained in this study loosely agree with a number of interpolations of refraction data [Braile, 1989; Braile et al., 1989] , other studies show monotonic thickening of the crust from east to west beneath the MOMA array [Mooney and Braile, 1989; Mooney et al., 1998 ]. The observation that the thickest crust lies beneath MM04 -MM09 is broadly consistent with a number of more localized studies. Hawman and Phinney [1992] found Moho depths of 47 -52 km beneath eastern Pennsylvania, whereas beneath station CCM, Langston [1994] determined a crustal thickness of 40 km. In the interpretations of Hutchinson et al. [1983] and Costain et al. [1989] the crust beneath the Appalachian highlands is thicker than beneath the Grenville Province.
[12] Crustal thickness variations correlate only loosely with different tectonic provinces. Crustal thickness in the western or external portion of the Appalachian Province (MM03 -MM07) is on average greater than in the Grenville and central U.S. Proterozoic Provinces (MM08 -MM11 and MM12 -CCM, respectively). Western Appalachian crust is also on average thicker than the crust of the eastern portion or internal Appalachians spanned by MM02 -HRV, much of which was rifted during the Triassic and Jurassic opening of the Atlantic. However, the rapid thinning of the crust between MM09 and MM10 actually occurs $200 km to the west of the Appalachian Front as mapped by Hoffman [1989] and even farther west of the surficial limit of substantial Appalachian deformation given in other tectonic studies [Rast, 1989; Rankin, 1994] . If the deeper Moho beneath the western Appalachians is related to Appalachian orogenesis (i.e., thickening of the Grenville basement, which lies beneath the sedimentary cover rocks of the external Appalachians), then the constraints on Moho depth obtained in this study suggest that at depth, this deformation extends west of the surface extent of the Appalachian cover rocks. Such an interpretation would contradict geological models which indicate only shallow crustal deformation associated with the Appalachian orogeny in this region. Alternatively, some components of the observed Moho topography may predate the Appalachian orogeny. For instance, the rapid decrease in crustal thickness between MM09 and MM10 roughly correlates with an apparent change in the dip of upper crustal and midcrustal reflectors (east dipping reflectors to the west and west dipping reflectors to the east) [Pratt et al., 1989] and with the Akron magnetic boundary [Rankin et al., 1993] . These coinciding features may represent a Proterozoic age suture in the Grenville basement [Rankin et al., 1993] . It is unclear whether the Moho topography observed today across the potential suture predated or developed during the Appalachian orogeny. In either case, the suture may have acted as a zone of weakness, allowing crustal thickening associated with the Appalachians to penetrate farther to the west. Another interpretation is that the Moho topography, and possibly the reflectors and magnetic boundary, are associated with the epeirogenic deformation that formed the Cincinnati Arch [cf. Marshak and van der Pluijm, 1997].
[13] Local isostatic compensation of surface topography by a uniform density crust would predict Moho depths that are anticorrelated with surface topography. Such a relationship is not observed on a station-by-station basis across this region, but at scales of a few hundred kilometers, surface topography and crustal thickness are roughly anticorrelated. For example, the average elevation of MM04 -MM09, the region with the thickest crust, is 0.26 km greater than that of MM10 -CCM and 0.24 km greater than that of MM03 -HRV. However, crustal thickness variations are larger than required to locally compensate the subdued surface topography with a uniform density crust, unless the density contrast between the crust and mantle is small. Crustal thickness beneath MM04 -MM09 is 5.6 km thicker than that beneath MM10 -CCM, assuming the best fitting regional values of crustal basement velocities (heavier line in Figure 3) , and 3.7 km thicker if a V p of 6.6 km/s and a V p /V s ratio of 1.80 are assumed at all stations. These values imply that the density contrast between the mantle and the thickened crust is no more than 120 -190 kg/m 3 , assuming local isostasy and a surface topography density of 2670 kg/m 3 . Given a mantle density of 3300 kg/m 3 , this crustal buoyancy indicates a crustal density in excess of 3110 kg/m 3 . If smaller crustal densities are assumed, the observed crustal thickness would such ''overcompensate'' the topography, a scenario that has been suggested for the southern Appalachians [James et al., 1968; McNutt, 1980] . In contrast, studies in the southern Rockies [Sheehan et al., 1995] and the Sierra Nevada [Keller et al., 1998 ] have found that crustal thickness variations are too small to isostatically balance the topography of these mountains, and they conclude that lowdensity mantle must provide some support.
[14] Could lateral gradients of density in the crust and/or mantle beneath the MOMA array make a significant contribution toward local isostasy? It is possible that the crust beneath MM04 -MM09 is denser than that beneath MM02 -HRV, since the surface expression of the suture between the Grenville and the Appalachian Provinces lies near MM02, and Grenville basement appears to have a higher density [Musacchio et al., 1997] . It is less likely that the average crustal density is higher beneath MM04 -MM09 than beneath MM10 -CCM, since the MM10 -CCM receiver function stacks are typically better modeled by higher V p /V s ratios. For upper mantle density gradients to counterbalance isostatic support from the crust and allow smaller crustal densities, lower-density buoyant mantle material would be required beneath MM10 -CCM. If the velocity contrast between thick lithospheric keel and eastern mantle [cf. Grand, 1994; Grand et al., 1997 ; van der Lee and Nolet, 1997] were scaled to temperature, resulting density anomalies would detract from isostatic balance. Chemical depletion may contribute to keel buoyancy [Jordan, 1978 [Jordan, , 1988 , but the net effect of thermal and chemical keel anomalies would need to be positively buoyant to offset the relatively thick crust beneath the modestly elevated topography outside of the keel.
[15] Although modeling of gravity data is inherently nonunique, it does provide a means of testing specific density models. Assuming that support of the topography is largely crustal and that large lateral variations in density do not occur, observed crustal thicknesses predict a decrease in Bouguer gravity anomaly of À40 mGal or more beneath MM04 -MM09 unless crustal densities on the order of 3000 kg/m 3 or more are assumed within the thickened crustal root. Observed Bouguer gravity anomalies [Hittelman et al., 1990] in the vicinity of the MOMA array do not manifest such negative values beneath MM04 -MM09 and are more consistent with crustal density values of roughly 3100 kg/m 3 as well as local isostatic compensation.
Mantle Discontinuities
Corrections for Lateral Heterogeneity
[16] As shown in section 4, large variations in crustal structure exist across the MOMA array, and strong lateral velocity gradients have been imaged with seismic tomography [cf. Grand, 1994 , Grand et al., 1997 van der Lee and Nolet, 1997] . It was therefore imperative to account for the effects of lateral heterogeneity in the crust and upper mantle on the travel times of P and Ps phases when the receiver functions were stacked to image mantle discontinuities.
[17] Corrections for lateral heterogeneity were based on the three-dimensional S wave velocity model of Grand et al. [1997] (hereinafter referred to as the Grand model), modified to include the best fitting crustal structure beneath the station (described in section 4). P wave model velocities were obtained by scaling each S wave model with V p /V s ratios from the AK135 model and 
is suggested by comparison of recent high-resolution tomographic inversions for global P wave and S wave velocities [Grand et al., 1997; Van der Hilst et al., 1997] and corresponds to experimental measurements of thermally induced velocity variations in mantle minerals [Isaak, 1992] . To estimate errors on the depths of midupper mantle discontinuities from our chosen model, we also computed corrections for lateral heterogeneity from model NA95, a S wave velocity model for North America obtained by van der Lee and Nolet [1997] from Rayleigh wave data. In addition to a
value of 1, a value of 2.5 was tested as a highend estimate of thermally induced velocity variations [Agnon and Bukowinski, 1990] . The Ps-P time corrections at conversion depth of 300 km for the four versions of mantle heterogeneity are shown in Figure 4 . Although the absolute values of the corrections change, the patterns are similar for different mantle models. The corrections become larger and more positive from east to west across the array, reflecting the thicker and faster keel beneath the western stations. This trend shifts apparent discontinuity depths down by as much as 8 km. Considering the effects from different models, errors on the Figure 3 would introduce another ±2 km of uncertainty in the discontinuity depth estimates.
Observed Upper Mantle Phases
[18] On stacked receiver functions across the MOMA array we observed relatively strong positive polarity phases at 26 -33 s. We applied a series of tests to the data to determine whether these phases are P to S conversions from upper mantle discontinuities at depths of 270 -320 km or multiple reverberations from the base of sedimentary layer and the Moho. We stacked the receiver functions with the move out of the PpPs Moho reverberation (Figure 5a ) and with the move out for P to S conversions from 300 km depth (Figure 5b ). These stacks were corrected for the Grand mantle velocity model, assuming the best fitting crustal structures described in the previous section, and a d[ln(V s )]/d[ln(V p )] ratio of 1.0.
[19] As expected, the amplitude of PpPs is enhanced when it is stacked at its correct move out (Figure 5a ) and diminished when it is stacked at the P 300 s move out, which has a slope of opposite sign (Figure 5b ). In contrast, the energy arriving after PpPs stacks more coherently at the P 300 s move out, indicating that a substantial component of this signal originates at a mid-upper mantle discontinuity. We also tried stacking the data using the move outs of a number of other crustal reverberations, and these stacks looked nearly identical to Figure 5a . The PpPs phase does not disappear in Figure 5b because the range of distances and ray parameters represented in the data is fairly limited. This argument also explains why conversions from depths of roughly 300 km still Figure 6 . Receiver functions including conversion depths at 300 and 410 km on a background of velocity anomaly from (a) the Grand model and (b) the NA98 model. Data in the 200 -350 km depth range are stacked with move out corrections for conversions at 300 km, and data in the 350 -500 km depth range are stacked with move out corrections for conversions at 410 km. Earlier arriving phases are not shown. The keel is imaged by a broad lateral gradient in the Grand model, while it is a sharper feature in the NA98 model. The keel is confined above 300 km in both models, which is consistent with the relatively flat discontinuity at 410 km. Receiver function stacks are filtered with a 0.05 -1 Hz band pass. See color version of this figure at back of this issue. appear prominently, albeit with smaller amplitudes and less coherence, in Figure 5a .
[20] To further test whether the later phases are really P to S conversions, and not sidelobes of PpPs or another crustal phase, we calculated synthetic seismograms for models with our best fitting crustal structure over a mantle half-space and processed them in exactly the same way as we processed the data. Figure 5c shows the synthetic receiver functions stacked at the P 300 s move out. No positive polarity phase appears in the 270 -320 km depth range. Comparing the three diagrams in Figure 5 , we conclude that it is reasonable to interpret the positive polarity phases at depths of 270 -320 km as P to S conversions.
[21] A band-pass filter of 0.03 -1 Hz was applied to the data and synthetics in Figure 5 . The 270 -320 km phases are actually clearer beneath the eastern stations with a band-pass filter from 0.05 to 1 Hz ( Figure 6 ) because some records have noise with strong amplitude at 20 -30 s. In the comparisons of Figure 5 we adopted a somewhat wider band pass to minimize the potential for sidelobe artifacts. Beneath the westernmost stations, the 0.05 -1 Hz filter reduces the amplitude of the deepest apparent phase at $320 km. We also stacked the receiver functions using move outs for conversion depths of 250, 300, and 350 km. These experiments yielded similar waveform shapes, while the depths implied by the timing of the phases shifted by less than ±5 km relative to Figure 5b .
[22] The apparent discontinuity structure (Figures 5b and 6 ) shows a striking east to west variation. Beneath the eastern stations (bins 16 -19), a strong positive polarity phase occurs at depths of roughly 270 km. The phase is continuous but relatively weaker beneath bins 9 -15 and deepens toward the west to $280 km beneath bin 10. More complex scattering occurs beneath the western third of the array (bins 1 -7). A weak phase appears at depths of roughly 320 km, but its amplitude is frequency-dependent, and we judge it to be less robust than the 270 -280 km phase observed in the east. The energy arriving in the 200 -300 km window in bins 1 -7 exhibits neither the move out nor the continuity between bins expected from conversions at a quasiplanar discontinuity. This is particularly true of the strong positive phases at $250 km in bins 6 and 7 which originate from a very limited range of back azimuths and distances. The transition between bins 1 -7 and bins 9 -19 is associated with the eastern edge of the craton, and the variation in scattering likely reflects differences between the Proterozoic lithosphere in the west and the Phanerozoic lithosphere in the east.
Possible Sources for the Upper Mantle Discontinuities
[23] Upper mantle discontinuities have been investigated for decades. A 220-km discontinuity in the upper mantle was first suggested by Lehmann [1961] and later incorporated by Dziewonski and Anderson [1981] into the preliminary reference Earth model (PREM). However, debate still exists as to whether the Lehman (L) feature is a global discontinuity. For instance, Shearer [1991] found no evidence for an L discontinuity in global stacks of long-period waveform data. Evidence is accruing that a variety of upper mantle discontinuities are observed in the 200 -350 km depth range on a regional basis, including analyses of Ps conversions from the Snake River Plain, Tibet, the Canadian Shield, Tanzania, and Iceland [Dueker and Sheehan, 1997; Yuan et al., 1997; Bostock, 1997; Owens et al., 2000; Shen et al., 1998; Sheehan et al., 2000] . Using ScS reverberations, Revenaugh and Jordan [1991] observed a number of upper mantle discontinuities, one of which is reminiscent of our observations in that it ranges in depth from 210 km beneath the Phanerozoic orogenic zones of Australia to more than 300 km in the stable continental interior. Revenaugh and Sipkin [1994] observed a similar discontinuity deepening from 250 km beneath the NW Fold Belt of China to 300 km beneath the Tibetan Plateau. This phase has been attributed to a transition from a mechanically strong, anisotropic layer to a weaker and isotropic layer, both of which are contained in a coherent continental ''tectosphere'' [Revenaugh and Jordan, 1991; Revenaugh and Sipkin, 1994; Gaherty and Jordan, 1995; Gaherty et al., 1999] . Other studies have suggested that certain mid-upper mantle discontinuities represent the base of a low-velocity zone (LVZ) [Lehmann, 1961; Anderson, 1979; Leven et al., 1981; Hales, 1991; Sheehan et al., 2000] .
[24] The viability of these different models for the phases imaged beneath the MOMA array may be partially assessed by a comparison of the observed conversions with three-dimensional (3-D) tomographic models. Figure 6 shows the phases stacked for an assumed conversion depth at 300 km on the color background of the shear velocity anomalies from the Grand model and the NA98 model. NA98 was obtained by application of the partitioned waveform inversion method to the waveform data set employed by van der Lee and Nolet [1997] enhanced with waveforms recorded by the MOMA array. In particular, the S and surface wave trains of the vertical component data from the 14 April 1995 magnitude 5.7 event in Texas and of the transverse component data from the 28 August, 1995 magnitude 6.9 event in the Gulf of California were fitted and included in the waveform inversion for NA98. These events are located near the great circle through the MOMA array and thus provide optimal constraints on the variation in upper mantle structure along the MOMA array ( Figure 6b ). These MOMA waveform data confirm the features of model NA95 along the MOMA great circle in an overall sense but with enhanced resolution, in particular in the 200 -300 km depth range. The strength and overall pattern of heterogeneity are very similar in NA98 and NA95. In the Grand model (Figure 6a ) the eastern edge of the cold and presumably fast North America keel appears as a broad and smooth west to east decrease in velocity, whereas the edge of the keel is a sharper and more complex gradient in NA98 (Figure 6b ). Phases stacked assuming a conversion depth at 410 km are also shown in Figure 6 and reveal little topography on this discontinuity [Li et al., 1998 ]. As discussed in section 5.2, the 270 -280 km phases in bins 9 -19 are robust features of the receiver function stacks. The 320-km phases in bins 1 -7 are somewhat more ephemeral but may represent a single discontinuity. In any case, the scattering beneath the western stations is more complex. The clear variation in the character of the 270 -320 km scattering (bins 9 -19 versus bins 1 -7) roughly correlates with the eastern edge of the thick subcratonic lithosphere.
[25] In both tomography models, anomalously fast velocities, representative of the keel, are concentrated at depths of <250 km beneath the western stations and at depths of <100 km beneath the eastern stations. Thus a sublithospheric discontinuity is clearly required to explain the 270 -280 km phase in the east. Some of the scattering beneath the western stations may occur in the lithosphere, but if the 320-km phase is real, it is likely of sublithospheric origin. A plausible explanation for the 270 -280 km phase in the east is that it is a conversion from the base of an asthenospheric LVZ. Is it possible that this type of LVZ extends beneath western stations within the North American craton where the lithosphere is up to 250 km thick? The absolute velocities for the Grand model, in fact, reveal a LVZ at depths of $200 to $300 km across the array, although this LVZ is a feature of the one -dimension starting model. Absolute velocities in NA98 contain gentler gradients in the 250 -300 km depth range but are not inconsistent with a deep asthenospheric LVZ. Rodgers and Bhattacharyya [2001] found that triplicated phase waveforms that sample beneath the western MOMA stations require a LVZ. In addition, Schultz et al. [1993] observed a peak conductivity at $280 km beneath the central Canadian Shield, which is consistent with a seismic low-velocity zone.
[26] We modeled the 270 -320 km phases ( Figure 6 ) with a variety of velocity structures and found that a velocity discontinuity of $5.5% is required beneath the eastern stations. The amplitude of the 320-km phase beneath the western stations in not particularly robust, but it implies a weaker discontinuity or gradient than is observed in the east. We also examined both radial and transverse receiver functions for back azimuthal variations that might diagnose the presence of anisotropy at this discontinuity or at shallower depths. Unfortunately, however, the back azimuthal distribution of the data was too limited to yield meaningful constraints.
[27] If the phases are generated at the base of a LVZ, our observations suggest a stronger and shallower LVZ outside the keel and a weaker and deeper LVZ beneath the keel (Figure 7 ). Water enrichment is one mechanism that could produce such a LVZ. Based on mantle conductivity profiles, Hirth et al. [2000] proposed a transition from hydrated mantle to dehydrated mantle at the base of the lithosphere beneath both oceanic and continental regions, with this transition occurring at depths of $250 km beneath cratons and $100 km beneath oceans. This boundary would represent the top of a sublithospheric LVZ, with greater water content providing the mechanism for lower strength and wave speeds. The origin of a sharp lower boundary to such a LVZ is less clear. Release of volatiles from a dehydrating phase transformation is one possibility, particularly if the depth of the dehydration boundary could be increased beneath the western stations due to a cooler subcratonic mantle geotherm, although the lack of significant topography on the 410-km discontinuity indicates that strong temperature variations across the region do not persist into the transition zone. However, while a number of phases may store water in the deep upper mantle [e.g., Thompson, 1992] , no obvious candidate for a dehydration boundary at the correct temperature and pressure conditions appears to exist. The phase transitions from the orthorhombic to high-P monoclinic phase in Mg-Fe pyroxene [Woodland, 1998] or from coesite to stishovite [Williams and Revenaugh, 2000] have also been offered as explanations for discontinuities in this depth range. However, assuming that temperatures decrease toward the thick cratonic keel, these transitions would shallow from east to west [Woodland, 1998; Liu et al., 1996] , opposite to the observed increase in discontinuity depth. Alternatively, the discontinuity could represent the transition from dislocation creep, which would produce anisotropic mantle fabrics at shallower depth, to diffusion creep, which would result in a lack of elastic anisotropy at greater depths. The likely temperature and pressure dependence of the diffusion creep/dislocation creep boundary [Karato and Wu, 1992; Karato, 1992] would result in a deeper discontinuity with cooler temperatures below the subcratonic lithosphere. A zone of enhanced mechanical weakness and localized strain associated with this boundary would be likely [Karato and Wu, 1992] .
Conclusions
[28] Crustal velocity structures with one or two sedimentary layers and one crustal basement layer were obtained by matching synthetic Ps conversions and reverberations from the Moho to observed crustal receiver function stacks. The thickest crust lies beneath the western Appalachians and extends just to the west of the Appalachian Front. Crustal thickness is roughly correlated with topography over $300 km length scales, and given the magnitude of the observed crustal root (4 -6 km), the density contrast between the crustal root and mantle must be small (<200 kg/m 3 ) in order to balance the topography in local isostatic equilibrium.
[29] Receiver function stacks beneath the MOMA array are characterized by a flat discontinuity at 410 km, which indicates that cold temperatures related to the North America continental keel are largely confined in the upper mantle and argues for a neutrally buoyant keel. In the upper mantle, phases from a continuous discontinuity at depths of 270 -280 km were observed beneath the eastern stations (bins 10 -19), with the depth of the phase increasing toward the west. Beneath the western stations (bins 1 -7), scattering is more complex, but a laterally continuous discontinuity appears to occur at depths of $320 km. We propose that the lateral transition between the stronger, shallower discontinuity in bins 10 -19 and the weaker, deeper discontinuity in bins 1 -7 represents a variation in mantle structure associated with the eastern edge of the keel. These phases may be produced by an increase in velocity at the base of a mechanically weak LVZ. The variation of depth and strength of the upper mantle discontinuity beneath the MOMA array suggests a stronger, shallower, and thicker asthenosphere outside the craton and a weaker, deeper, and thinner asthenosphere beneath the craton.
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